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I.

INTRODUCTION

It is known that the ground states of many nuclei have
permanently deformed non-spherical shapes.

The deformed

nuclei are generally found in two mass regions, i.e.,
where

A < 1 9 0 and A is greater than 200 (Bo 75)-

A

successful nuclear theory should he ahle to describe
these nuclear deformations.
Nuclear deformations can he determined experimentally
hy either studying the charge distribution, i.e., the
distribution of the protons»

or the mass distribution,

i.e., the distribution of the protons plus the neutrons.
Although it is often assumed that the mass distribution
is the same as the charge distribution, there is no
reason a priori that this is so.
In principle, it is a straightforward matter to
determine the charge distribution by means of electron
scattering, for example, since the electromagnetic force,
for which an established theory exists, is involved.
However, a direct determination of the mass distribution
would require a knowledge of the nuclear force.

Since

this force is not understood completely, a nuclear model
must be employed.

The optical model of the nucleus (Hd 71),

in which the nucleus is represented by a complex potential
well, is usually employed for mass distribution studies.
Neutrons are ideal probes for determining theshape
1
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of the

nuclear potential since, unlike the case for charged
particles that interact by the strong nuclear force,
i.e., alpha-particles and protons, electromagnetic effects
are usually negligible for neutrons.
The magnitude and type of deformity are generally
specified by a combination of deformation parameters de
scribing the nuclear surface (Bo 75)-

In determining these

deformation parameters for a particular nucleus it is
helpful to know the nuclear potential of the nearest
spherical nucleus, since the parameters would be expected
to be similar except those explicitly describing the
potential deformation (G1 68).

Previous work at this and

other laboratories investigating the deformation of
actinide nuclei has shown the need for an accurate deter
mination of the nuclear potential for the spherical
nucleus ^°^Pb (Pe 76), (Ka ?S).

For each actinide nu

cleus of interest the potential deformation can be deter
mined by fitting the measured total cross section differ
ences

(Pb) - CE^ (Actinide)! with coupled channel

calculations (Ta 65), allowing only the desired deformation
parameters to vary (G1 68).
Several previous measurements of the total cross
section of

Pb have been made.

Fowler et al.(Fo 60)
Pno
determined the total cross section of
Pb from 0.55
to 4.3 MeV with a resolution of about 10 and 25 keV using
*7
3
the Li (p,n) and H^(p,n) neutron sources, respectively.
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Fowler et al. (Fo 62) later measured the total cross sec
tion of 20®Pb from 0.7 to 1.7 MeV with a resolution of
about 3 to 5 keV.

Foster and Glasgow (Fo 71) determined
p r\Q

the neutron total cross section of

Pb with moderate

resolution at numerous energies from 2.5 to 15 MeV. Fowler
pnfi
et a l . (Fo 76) later repeated their previous
Pb mea
surement with about 1 to 2 keV resolution.
Optical model fits have been made to the
cross section data by Wilmore and Hodgson,
and Perey (Fu 75)» and Lagrange (La 78).

208

Pb total

(Wi 64), Fu
Each of the

three sets of optical model parameters determined repre
sents the presently available data above 5 MeV.

However,

below 5 MeV all three sets of parameters fit the data
poorly.

The parameters of Wilmore et aJ_. recommended in

the literature for low energies,

(Pe 72), (Hd 71), showed

the poorest fit to the available data.
In the present work, the neutron total cross section
or\Q
of a highly enriched sample of
Pb has been determined
from 1.8 to 13*9 MeV neutron energy.

Above 6 MeV, where

energy spread effects are unimportant, the precision of
£
the measurements is about one percent. Excitation func
tions were taken from 1.8 to 4.6 MeV neutron energy in
about 10 keV steps.

In the resonance region below

6 MeV, the magnitude of the potential scattering was de
termined using multilevel resonance theory.

An optical

model fit was made to total cross section data from 0.8 to
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4
14 MeV neutron energy by assuming a spherical potential
for 208Pb.
Brief descriptions of the compound nucleus model
and the spherical potential optical model are given in
Section II.

Sample descriptions, experimental details,

and procedures are contained in Section III. The total
pAO
cross section of
Pb from 0.8 to 14 MeV neutron energy
along with the results of multilevel resonance fits and
spherical optical model fits are presented in Section IV.
A discussion of the data and optical model fits of the
present and previous work is given in Section V.
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II.
A.

THEORY

Introduction

A neutron incident on a nucleus may be either
absorbed or directly elastically scattered.

If it is

absorbed, a number of different processes may occur;
for example, it may be emitted with no loss in energy
(compound elastic scattering), scattered inelastically,
or initiate a reaction with the emission of a charged
particle.

Associated with each of these interactions is

a specific cross section, or partial cross section, which
is a measure of the probability of occurrence of that
particular process.

The total cross section of a

given nucleus for neutrons is the sum of all these par
tial cross sections.
Since the nuclear force is not understood completely,
the interaction of a neutron with a nucleus cannot be
described exactly. Therefore it is necessary to use
simplifying assumptions, that is, models, to describe
these phenomena.

Two extreme models are of interest

here, the compound nucleus model and the nuclear optical
model.
The compound nucleus model, a strong interaction
model, was introduced by Bohr (Bo 36) in 1936 to explain
large capture cross sections and closely spaced resonances

5
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which were observed in slow-neutron experiments. At these
resonances the incident neutron interacts strongly with
the nucleus, forming a compound state which may decay
hy any one of several modes.
The optical model, a weak interaction model, was
employed by Feshbach, Porter and Weisskopf (Fe 5*0 to
describe the broad resonant structures found in the total
cross sections of fast (MeV) neutrons by Barschall and
collaborators (Ba 52).

The optical model accurately

describes how the maxima of these resonances vary
smoothly with the size of the nucleus and with incident
neutron energy.
B.

Optical Model

The optical model of Feshbach et al. is an indepen
dent particle model that approximates the neutron-nucleus
many-body problem with a two-body interaction using a
complex square well potential of the form V = V^ + iW.
For this potential the optical analogy is that of a
light wave (neutrons) incident on a translucent glass
sphere (nucleus)occur:

In this picture three processes can

reflection, transmission (with refraction) and

absorption.

The real component of the nuclear optical

potential describes "shape" elastic scattering, i.e.,
that elastic scattering that occurs directly, whereas
the imaginary part of the potential represents all

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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processes for which absorption of the incident neutron
occurs, e.g., compound elastic scattering, inelastic
scattering, etc.
Since its introduction, many refinements have been
made to the optical model to describe the considerable
amount of data which has been accumulated.

The real

part of the potential has been given a shape, or form
factor, called the Woods-Saxon form factor which
essentially is constant within the nucleus and decreases
exponentially outside the nucleus.

It has been found at

low and intermediate energies that absorption occurs
mainly in the surface region, whereas at higher energies
( ^ 1 0 MeV) absorption throughout the entire nuclear
volume is significant.

Hence the imaginary term in the

potential is divided up into a surface and a volume term.
A spin-orbit term usually is included to take into
account the observed polarization of scattered neutrons.
The optical model potential of, e.g., Perey and
Perey (Pe ?2) is given by:
U(r) = -VR f (r, rR , a^)

^ f

vso

(real term)

(II-1)

? s H < * . rso- aso>
term)

- i Wv f(r, rj, aj)
cL
+ l a ^ Wgp £r

(imaginary volume term)
j

(imaginary surface term)

w h e r e | ^ ^ = 2.00 x 10-^^ cm^ = 2.00 (fermi)^ and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

0~• Jl. = scalar product of angular momentum operators.
The function £(r,a) are Woods-Saxon form factors given by
f(r, r-j., aj) = j\ + exo^r ~ rI^J ~1 .
These are dependent on the space coordinate r and the
radius (r^) and diffuseness (a^) parameters associated
with each potential.

The parameters VR , V^ q , Wy and Wgp

are the strengths of the real potential, spin-orbit
potential, imaginary volume potential and imaginary sur
face potential, respectively.

Generally, below 10 MeV

neutron energy the contribution of the imaginary volume
term is small.
In the present work, cross sections were computed
by spherical optical model calculations using the
computer program PEREY (Pe 71)C.

Compound iNTucleus Model

A neutron incident on a nucleus will either be
scattered or absorbed.

If it is absorbed, the com

pound nucleus model assumes that once the neutron is
inside the nucleus, it shares its energy with many
other nucleons through the strong interaction.

The

resulting compound nucleus lasts a "long" time until
one of the nucleons acquires sufficient energy to
escape the nucleus.

Because of the long lifetime of

this compound state, it follows from the uncertainty
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9
principle that its energy can be well determined.

Thus,

this model explains the small energy widths of the
resonances observed in the elastic scattering of slow
neutrons.

Since the compound nucleus is so long lived,

Bohr assumed that the mode of decay was independent of
the mode of formation and the details of the neighboring
states.

This model predicts that cross section resonances

will occur whenever the energy of the neutron plus
target system corresponds to one of the excited states
of the compound nucleus and that these resonances will
have narrow widths.

As the incident neutron energy

increases, the resonant width increases and the number
of resonances per unit energy interval dramatically
increases, making analysis difficult.
In the compound nucleus model, the total cross
section associated with a single, isolated resonance is
given by the expression (Me 6l),
(H-2)
where E and E q are the bombarding energy and resonance
energy, respectively^ is the energy width of the
resonance at half maximum, %

is the reduced deBroglie

wavelength of the incident neutron, and gj is a
statistical factor dependent on the spins of the target
and compound nucleus.
Generally, resonances are not isolated but are
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10
affected by all nearby and distant resonances.

A

multilevel expression derived by Soga (see Appendix II)
represents the total cross section as a function of
energy as:

(II-3)
(E-B*)

where

° i is the scattering cross section related to the

background potential; and R^ and 1^ are related to the
real and imaginary parts of the scattering amplitude,
respectively, for the
case, here
of the i.
D.

a.

resonance.

As in the one-level

and F2 are the energy and width, respectively,
resonance .

Determination of the Optical Model Potential
The background potential scattering cross section,

<T^, discussed in the previous section is associated
with the effects of all distant resonances not ex
plicitly accounted for and includes specifically the hard
sphere, or s-wave, scattering.

This background potential

scattering, here assumed to be independent of energy,
may be described by the real part of the optical
model potential (Vo 62) .

However, the average total

cross section may be represented by both the real and
imaginary parts of the optical model potential provided
that there is cn]y one channel open, i.e., only one type
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one
of scattering process can occur (Vo 62).

For

Pb,

only elastic scattering can occur with any appreciable
probability below 2.614- MeV, the energy of the first
excited state in this nucleus.

The ^®®Pb (n, $ )^°^Pb

cross section is very small, 0.5 mb, for thermal neutrons.
This cross section would be even smaller at the energies
of interest here.
To determine (7^, a computer program utilizing
equation II-3 to find (7tE) was developed by Ferguson
(Fe 78) which incorportated a reduced chi-square fitting
routine written by Bevington (Be 69).
wants to determine

In general one

for a single isolated resonance.

It is seen from equation II-3 that there exists two kinds
of interference which can occur, interference between
a resonance state and the background potential, and in
terference between two resonance states.

If a single

state is used, as desired, interference between states
may not be taken into account properly.

Therefore, one

must select a resonance state for which no strong inter
ference is occurring with nearby states.

However, this

selection process is made easier by the fact that inter
ference effects in the total cross section can occur only
between states in the compound nucleus which have the
same spin and parity.

If strong interference is occurring,

a given resonance in the total cross section generally
will be noticeably asymmetric.
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If the spins and parities of levels are known,
interference effects between levels can be avoided by
fitting those resonances for which states of the same
spin and parity are not nearby.

If they are not known,

interference effects may be revealed by using multilevel
p

fits and evaluating the corresponding values of

.

If

interference effects are not important, then the value of
p

should not depend significantly on the number of
states included in the fit.
The discussion above suggests optical model parameters
in the resonance region may be determined at neutron
energies where only one channel is open by the following
procedure.

Since the value of

(7^ depends only on the

real part of the optical model potential,

can be found

at a given energy by equating the imaginary part of the
potential to zero and fixing V^ q and the geometric
parameters.

Then by fixing

at this value, the strength

of the imaginary part of the potential, Wgp* can be found
by increasing the value of Wgp to fit the average cross
section at this energy.
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Ill. EXPERIMENTAL
A.

General

The total cross section of a given nucleus for neu
trons is determined by measuring the transmission of a
beam of neutrons through a sample of those nuclei.

The

transmission is a ratio of the number of neutrons
detected with the sample in place to the number of neu
trons detected without the sample.

The total cross

section (Jj. is related to the transmission T by
T = I / IQ = exp ( - N O ^ )
where I

o

(III - 1)

is the incident neutron flux determined with

the sample out and I is the flux after passing through
2
the sample. N is the number of nuclei per cm , the
areal density, of the sample.

The common unit of

total cross section is the barn (b), which is equal to
-2k
2
10 * cm .
B.

Neutron Production

Monoenergetic neutrons were produced using the
•%(p,n)^He reaction for neutron energies from 0.8 to
k.6 MeV and with the

2
T
H(d,n)JHe reaction for neutron

energies from 6.3 to 13*9 MeV.

The tritium and deu

terium were in the form of a solid

- Ti target and

a gas target, respectively.

13
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The W. M. U. HVEC model EN tandem Van de Graaff
accelerator provided the incident beam of monoenergetic
charged particles.

Energy determination of the charged

particles was obtained from calculations based on pre
vious calibration of the tandem's analyzing magnet (Pa 71).
The uncertainty in the energy of the incident charged
particles ranged from about 1 keV at 0.8 MeV neutron
energy to about 5 &eV at 14 MeV neutron energy.
Beams of charged particles were focused through a
O .32 cm tantalum collimating aperture using a quadrupole magnetic "lens."

Neutron background from the

aperture was made negligible by minimizing the beam
current on the aperture.

The collimator current was

always less than 1.5$ of the direct beam.

A tight

beam spot of about 0.15 cm diameter could be achieved
at the target.

By having the proton beam incident on a

piece of quartz the size of the beam spot could be
measured directly.

During the experiment the beam shape

was monitored using- the beam collimator.

A minimum

proton beam diameter of about 0.3 cm was used for the
r>
- Ti target to avoid target damage.
The same general target assembly was used for
both the solid and gas target and is described in detail
in (B1 73)•

Therefore only a brief description of the

neutron producing target will be given here.
p

The target consisted of 450 M e /cm

of titanium,
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saturated with 0.33 curies of tritium, which was vacuum
evaporated onto a 0.025 cm thick platinum backing.
The diameter of the
respectively.

and Pt were 0.95 cm and 1.43 cm,

An identical Ti and Pt target without

-'H was used as a. blank, i.e., to determine the number
of neutrons from the target and collimating system.
To prevent possible target overheating and carbon
deposits forming, the target was cooled by an air jet.
The beam current was varied from about 0.16 microamperes
at 0.8 MeV to 0-35 microamperes at 4.6 MeV to maintain
the beam heating of the target au an acceptable level.
3
The -'H - Ti target thickness was determined before
and after the % ( p , n ) % e measurements to be J>6 keV at
2.08 MeV by measuring the apparent width and shift of
the sharp 2.08 MeV resonance of carbon.

Since no change

in target thickness was observed, the target was assumed
to be stable during the course of the experiment.

The

target thickness varies with energy from 56 keV at 0.8
MeV to 26 keV at 4.6 MeV because of the energy dependence
of

/dX, the stopping power.

for the

The gas target employed

2
3
H(d,n)-^He reaction was a 4 cm long thin-walled

1
Purchased from Isotope Sales, Oak Ridge National
Laboratory, Oak Ridge, Tennessee.
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cylinder filled with deuterium gas. A 1.25 micrometer
2
thick nickel foil was used as an entrance window sepa
rating the gas cell from the beam line vacuum. The beam
3
stop used was made of high purity gold.
Gas pressure
p
was varied from 7*2 to 12 lb/in in the neutron energy
range from 6 .3 to 13-9 MeV to keep the energy spread
from the energy loss in the gas to less than 70 keV.
For the gas target the beam current was not as
crucial with regard to target stability; nevertheless,
it was kept below 0 .^ microamperes to reduce count
rate effects.

For this target, blank target runs were

obtained with the gas cell evacuated.
C.

Geometry

The geometry of the experiment is shown in Figure
I.

The inscattering correction was minimized by loca

ting the sample halfway between the neutron source and
the detector and by using a sample just large enough to
shadow the scintillator from the neutron source (Mi 63).
This correction is discussed in Appendix I.

2
Purchased from Chromium Corporation of America,
Cleveland, Ohio.
3

-'Purchased from Alfa Products, Beverly, Massa
chusetts .
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Figure I.
The relative position of the long counter, stilbene detec
tor, and NE213 monitor with respect to the neutron source
and the sample. The center-to-center distanced was 6 l .1
cm for the long geometry. For the short_geometry all
distances were reduced by a factor of \j 2 \
See the text
for details.
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The source-to-detector distance,

, was chosen

so as to compromise between the need for high count
rate and the need for a small magnitude of the in
scattering correction.

Two values of JP were used

during the course of the experiment.

Above 5 MeV, a

relatively long source-to-detector distance j) = 6l .1 cm,
(long geometry) was used in order to reduce inscattering
(see Figure I).

Below 5 MeV, where the inscattering

correction was smaller and where considerably more data
were taken, the detector and monitor distances of Figure
I were reduced by a factor of 'J1F1 (short geometry).
Alignment in this type of experiment is crucial.
If the sample and detector are misaligned, a higher
transmission could be obtained, resulting in a sys
tematically low determination of the total cross
section.

The neutron target, sample, and detector were

aligned to an accuracy of about 0.025 cm with the aid of
aluminum rods.
D.
The lead sample
highly enriched in

II

Samples
used in the present work was

2 08
Pb.

Its isotopic composition

if.
Obtained on loan from Dr. D. M. Drake, LASL,
Los Alamos, New Mexico.
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and most abundant impurities are listed in Table I in
atomic percent and mass percent, respectively.

In

the worst case, the largest correction to the total
cross section due to all the major impurities would
be less than one percent.

Since only the upper limit

on the mass percent of the impurities was given, no
corrections could be made for the presence of impurities.
No corrections for the presence of

Pb and

Pb on

the total cross section were made, since no data are
available.
The

208

Pb sample mainly used in the present work

had a diameter of 1.9051 cm, a length of 3.271 cm, and
a mass of IO6 .O83 g.

This results in an areal

density of 0.10778 nuclei per barn.

A second ^ ^ P b

sample, used here only at 1 3 .89 MeV to check the in
scattering correction, had a diameter of I.9055 cm, a
length of 3-1841 cm, and a mass of 103.324 g.

The

density of each of the two samples agreed with each other
and the handbook (We 71) value (corrected for isotopic
abundances) to within 0.02$; therefore, our samples are
believed to be essentially free of voids.

At 13.89

MeV the two lead samples were used in tandem to check
the inscattering correction.
A number of n-p checks were made using two

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

21

Table I
Analysis of ^°^Pb Sample

Isotopic
Analysis
Pb Isotope

Spectroscopic Analysis
(Most abundant elements)
Atomic
Percent

Element

Mass Percent

204-

< 0.05

A1

<0.05

206

0.28

C

<0.05

20 7

1 .03

Cd

<

208

98.69

Co

< 0.05

Cr

<0.05

Cs

<0.05

Ge

<0.05

Hg

<0.05

Ni

<0.05

Pt

< 0.0 5

Sb

<0.05

Ta

< 0.0 5

W

<0.05

0.0 5

Zn

<0.2

Zr

<0.05
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samples of high'* purity, high density, polyethylene
(CHg) .

A 3*285 cm long I .887 cm diameter CHg sample

with a mass of 8.736 g was used for neutron energies
"below 8 MeV.

Above

6.571 cm long,
of 17.^68 g.
sample

7

8 MeV, the CHg sample used was

with a I .887 cm diameter and a mass
For each polyethylene sample a carbon

of the same areal density was used to correct

for the carbon contribution in the polyethylene.

To

check for possible voids, all polyethylene and carbon
samples were X-rayed.

No voids were observed.

208

The

Pb was held in a cylindrical stainless

steel container of length 7*18 cm and diameter 2.1 cm.
An identical empty container was used for a blank run.
The endcaps of the containers were 6.86 x 10

cm

thick each and were matched to within 2.5 x 10-^ cm.
These same two

containers were used for the n-p checks.

Samples were held at the center of the container by
using thin wire spacers.

By using identical sample

^Ash content less than 0.1 percent (Huffmann Labs).

^Obtained from M. E. Bentley, Phillips Chemical
Company, Bartlesville, Oklahoma.
7

Obtained from Dr. J. Davis, University of Wisconsin,
Madison, Wisconsin.
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containers in all the runs, the effects of the containers
on the total cross sections were made negligible.
E.

Detectors

Three detectors were employed in the present
experiment; a stilbene scintillator to measure the
transmission, a NE 213 scintillator, and a long
counter to monitor the neutron flux.

The relative

positions of the three detectors with respect to the
neutron source and the sample are shown in Figure I .
The NE 213 monitor and the stilbene detector both
used neutron-gamma discrimination systems to distinguish
between pulses caused by neutrons and those caused by
gamma-rays.
The stilbene scintillator was a cylinder 1.91
cm in diameter and 2.^7 cm long and was connected via
a 2.5^ cm long light pipe to an RCA 8575 photomulti
plier tube with an Ortec 265 base.

The NE 213 monitor

was a liquid scintillator optically coupled to an RCA
8575 photomultiplier tube with an Ortec 265 base.
Electronics for the NE 213 monitor and the stilbene
detector were identical and the bias adjustments for
each system employed similar procedures.
Standard Ortec neutron-gamma discrimination systems
were used and are described in detail elsewhere (B1 73).
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Briefly, discrimination against gamma-rays was
made possible by the difference in response of the
scintillators to incident neutrons and gamma rays.
For each scintillator the slow component of the light
decay is much more intense for the neutron-induced
pulse than for the gamma-ray-induced pulse.

This

difference in decay time in the scintillator can be
exploited using standard electronic techniques.
A block diagram of the electronics system is
given in Figure II.

A linear signal taken from the

ninth dynode of the photomultiplier (PM) was integrated
and shaped by a double delay line amplifier.

The

crossover point of the bipolar signal from this am
plifier is slightly different for neutrons and gammarays because of differences in the above mentioned
decay times.

For each pulse the time difference

between the leading edge of the pulse (determined using
the fast signal from the anode) and the crossover was
measured using a time-to-pulse height converter (TPHC).
This timing difference was used to obtain neutrongamma discrimination.
The TPHC produces a bipolar signal for which the
pulse height was proportional to the time interval
between the start and stop pulses.

Thus time spectra

from the TPHC can be recorded by a standard pulse
height analyzer (PHA).

Typical time spectra obtained at
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Figure II.
Block diagram of the neutron-gamma discrimination sys
tem used for the stilbene scintillator. A similar
electronics system was used for the NE213 liquid scin
tillator. The electronics was set up to facilitate
monitoring of the time and energy spectra and to check
the bias settings. See the text for details.
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3.6 and 8.6 MeV are shown in Figure III. It was

noted that the separation between the neutron-and the
gamma-induced pulses was essentially complete.

No

significant difference in peak separation between the
stilbene scintillator and the NE 213 was noticed.
The window of the timing single channel analyzer (SCA)
was set so that only neutron events were recorded.
Typical timing SCA settings are indicated by arrows in
Figure III.
The signal from the timing SCA was used to gate the
output of the double delay line amplifier and to
present, on a different PHA, the energy spectrum of
neutron-induced proton recoils from the stilbene.

A

recoil spectrum taken at 8.58 MeV is shown in Figure IV.
Arrows indicate typical high and low bias settings. The
high bias scalar counts were used to detect if a change
in the electronics had occurred, since the high/low
ratio was very sensitive to gain shifts.

The low bias

scalar counts were used to determine I and I , the
o
number of transmitted neutrons with and without the
sample, respectively.
The NE 213 monitor and stilbene detector electronics
were set up in such a way that both time and energy spec
tra could easily be monitored during data taking.
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Figure III.
Time spectra from the stilbene scintillator at neutron
energies at 8.58 and 3.615 MeV. Note that the separation
of the neutron peak and the gamma-ray peak decreases with
increasing neutron energy. Arrows indicate typical set
tings of the timing SCA window used to isolate the neutron
pulses.
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Figure IV.
Proton recoil spectrum for the stilhene scintillator at
8.58 MeV incident neutron energy recorded by the energy
pulse height analyzer. Arrows indicate where the high
bias and the low bias were set at this neutron energy.
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F.

Procedure

A precise measurement of the transmission of a
sample requires that background, or extraneous neutrons
detected by the stilbene scintillator, be taken into
account.

The main sources of background in the present

work were background neutrons associated with the source
and "room-scattered" neutrons.

Source background neu

trons are produced by the charged particles incident on
the slits, collimator assembly, and the beam stop.

Room-

scattered neutrons are those neutrons that are detected
other than those that come directly from the source.

The

effect of both types of background was greatly reduced
by the use of a biased detector.

Blank target runs were

used to determine the number of background neutrons from
the source.
Previous work at this laboratory indicated that
room-scattered background arose primarily from three
sources in about equal parts:

air scattering, scattering

from a stainless steel sample support, and scattering
from the unshadowed portion of the face of the RCA 8575
photomultiplier tube.

The room background was reduced

by about a factor of two in the present work compared
to earlier measurements at this laboratory (Fe 76), by
using an aluminum sample support and by moving the stil
bene scintillator away from the photomultiplier by means
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of a 2.5^ cm light pipe.
In the present work, the number of room-scattered
neutrons was measured with the aid of a shadow cone, a
cone-shaped mass of material which shadows the stilbene
detector from the
shadow cone and

direct neutrons.
a 27 cm copper shadow

A 37 cmpolyethylene
conewith

a 5 cm

polyethylene extension at each end were used below and
above 2.5 MeV neutron energy, respectively.
The transmission, corrected for background, can be
written as (Fo 6l)

Tc

=

I — Iq

~ Bq "*■Bp

V

' bb

!S

+ Bc

where I, Ip, Ig are the count rates using the neutron
target with the sample in, without the sample, and with
the shadow cone, respectively.

The count rates Bg, Bg

and Bp are the blank target runs with the sample in,
without the sample and with the shadow cone, respectively.
The count rate Bp must be added since it is already
present in both the numerator and denominator in the
other two corrections; for example, in !<-, and Bc in the
KJ

numerator.

KJ

The count rate Bp was measured to be

extremely small and was therefore assumed to be zero
in all the calculations.
Above 6 MeV neutron energy, data using the neutron
target were taken in the sequence:

shadow cone, sample
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34container, ^°^Pb sample, ^°^Pb sample, sample container,
shadow cone, to reduce the effects of steady drifts in,
for example, the number of neutrons from the source
reaction.

At several energies data were taken with

polyethylene and carbon samples employing a similar
sequence of runs.

Blank target runs were taken at each

energy after the above runs.

For the excitation function
p n Pi
data below 6 MeV neutron energy,
Pb sample runs were

taken over an interval of about 100 keV in about 10 keV
steps, with sample container and shadow cone runs before
and after each interval.
about every 500 keV.

Blank target runs were taken

The lengths of the runs were

adjusted such that the statistical uncertainty in the to
tal cross section at each energy was about one percent.
The duration of each run was fixed by integrating the
charged particle beam at the target.
Over most of the energy region from 0.8 to 13.9 MeV,
Is and Bg were less than 0.4# and 0 .3# of IQ , respec
tively.

The background corrected transmission, T^, was

further corrected for both single and double inscattering
(see Appendix I).

This correction varied from 0.9# at

0.8 MeV to 2.5% at 4-.6 MeV for the short geometry and
from 1.1# at 6.3 MeV to 1.8# at 14- MeV for the long
geometry.
For each run the total cross section was calculated
using three different monitors:

the current integrator,
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the long counter, and the NE 213 monitor.

Generally

the three values agreed within their statistical un
certainties .
The results of the n-p checks and their percent
differences with accepted values (Hp 71) are listed
in Table II.

Since the hydrogen total cross section is

well known, the n-p checks can he used as a procedural
test.

In almost all cases the experimental values

agree with the accepted values within the statistical
uncertainties.

A measure of the systematic error for

this energy region, obtained by adding the percent
difference in the n-p checks, was found to be less
than 0.2 percent.
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Table II
Measured n-p Total Cross Sections

Cr^(b)
^H(p,n)
Source

0.779

4.797

4.828

+0.65

1 .213

3.862

3.836

-0.67

3.614

2.038

2.029

-0.44

^.529

1-753

1.748

-0.29

8.58

1.0745

1.078

+0.33

10.74

O .885

0.895

+1 .13

13-35

0.725

0.721

-0.55

en

*

2H(d,n)
Source

Percent
Difference
(*)

Accepted
Value*

Accepted values obtained from an evaluation by
Hopkins and Breit (Hp 71)*
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IV.

EXPERIMENTAL RESULTS

POR
The Total Cross Section of
Pb and
Previous Optical Model Fits

A.

Figures V and VI show the total cross section of

2 08
Pb from 1.8 to 4.6 MeV obtained using neutrons from
3
3
the ^H(p,n)^He reaction. The curves shown are lines
drawn from point to point to aid the eye.

In this energy

region the transmission was normalized using the NE 213
monitor.

The error bars shown are typical and represent

statistical uncertainties, only.

It is observed that

for this energy region the neutron total cross section
of

208

though

Pb has a considerable amount of structure, even

2 08

Pb is a heavy nucleus and the excitation energy

of the compound nucleus, ^ ^ P b j_s high (7.5 MeV excitation
energy at 4.6 MeV neutron energy).

The smaller energy

spread of the present work reveals much more structure
in the cross section than can be observed in data on
2 08
Pb reported by Foster and Glasgow (Fo 71).

It is

noted from Figures V and VI that even higher resolution
data are needed for a spectroscopic study in this energy
region, since many of the observed resonances are not
resolved completely.
Figure VII shows the total cross section data from
6.25 to 13*89 MeV neutron energy obtained using the
2
3
H(d,n)^He reaction (solid circles). In this energy

37
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Figure V.
2 g
The neutron eross section of
Pb from 1.8 to 3.3 MeV
neutron energy. The data were taken using the 3li(p,n)3He
reaction. The error bars are representative of the
statistical uncertainty. The neutron energy spread was
about
keV. The curves are straight lines from data
point to data point to guide the eye.
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Figure VI.
20g
The neutron total cross section of
Pb from 3*1 to 4.6
MeV. The data was taken using the 3H(p,n)3He reaction
with a neutron energy spread of about 26 keV. See the
caption of Figure V for details.
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Figure VII
20g
The neutron total cross section of
Pb from 0.8 to
13.9 MeV. Open and solid squares represent the poten
tial scattering cross sections determined by multilevel
fitting of the resonances near that energy. Open and
solid triangles represent energy average values of the
total cross section. The data of Fowler and Campbell
(F062) were used below 1.8 MeV. The solid circles
represent present data taken using the 2H(d,n)3He
reaction with a neutron energy spread of about 70 keV.
For these data the statistical uncertainty at each
energy is approximately the size of the circle. The
fits were calculated using the optical model parameters
of Lagrange (La 78), Fu and Perey (Fu 75) and Wilmore
and Hodgson (Wi 64).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PRESENT DATA

it3

• MEASURED

A

ENERGY AVERAGE

■ POTENTIAL BACKGROUND

80t

FOWLER 8

CAMPBELL

A ENERGY AVERAGE
□ PO TE N TIA L BACKGROUND

CROSS

SECTION

7.0”

5.0-’

TOTAL

LAGRANGE
F U 8 PEREY
WILMORE a HODGSON

4.0 -

3.0
0

5.0
NEUTRON

10.0
ENERGY

15.0
(MeV)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

44
range, the transmission was normalized to the current
integrator.

Excitation functions were not taken here

because previous work (Fo 71) showed that this energy
region is relatively structureless.

At each energy

the statistical uncertainty is approximately the size
of the circle.

The present cross sections agree very

well with data taken in a previous experiment at this
laboratory using another enriched

Pb sample (Fe 76).

Also shown in Figure VII are cross sections
computed from optical model parameters found in the
literature (La 78), (Fu 75)> (Wi 64).

It is seen that

Lagrange's parameters best describe the data taken at
neutron energies greater than 6 MeV.

Cross sections

were determined from spherical optical model calculations
using the computer program PEREY.
are listed in Table III.

The parameters employed

In each of these reports the

imaginary volume term was assumed to be zero.

Here

the potential strengths have the unit MeV and the geo
metric parameters have the unit fermi (10-^
B.

cm).

Multilevel Resonance Fitting

At 0.8, 1.2, 1 .6 , and 3*8 MeV neutron energy a
series of one-, two-, and three- level fits were made
to determine the cross section due to the background
potential.

Figure VIII shows the one- and two- level

fits to the data of Fowler and Campbell (Fo 62) for
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Table III
Optical Model Parameters for Neutrons on

208

Pb

O.M.
Parameter

Lagrange

Fu &
Perey

Wilmore &
Hodgson

Present
Work

VR

k 6 .k-O.3E

k 7 .0 -0 .25 E

k7.01-0.267E
-0.00118E2

k7.k-1.2kE

9.52-0.053E

(MeV)

0.2+1.36E < 5
7.0
>5

prohibited without perm ission.

Wsp (MeV)

2.3+
0.45E<10 MeV
6.8 >10 MeV

3.5+0.43E

VSQ (MeV)

Q.k

6.0

r(f)

1.26

1 .25

1.26 5

1.26

rj(f )

1.26

1 .25

1 ,2 k

1.26

rS0(f *

1.12

1 .25

a ( ;f)

O .63

0.65

0.66

O .65

SLj {■$ )

0.52

O.k?

0.48

0.52

aso( 5 )

0 .47

0.65

8.4

1.12

0.4 7

46
Figure VIII.
One-and two-level fits of the total cross section of
208p-b near 0.8 MeV neutron energy using the data of
Fowler and Campbell (Fo 62). The error bars are
representative of the statistical uncertainties. See
the text for details.
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two resonances near 0.8 MeV.

The error bars shown

represent statistical uncertainties, only.

Figure

IX shows the individual one-level fits and the threelevel fit for three resonances near 3.6 MeV.

In Table

IV are listed values for the background potential cross
section, (7^, from resonance fitting along with a reduced
chi-squared value for each fit.

The average values of

the background cross section from the one-level fits
near 0.8, 1.2, and 1.6 MeV are listed in Table V and
are plotted as open squares in Figures VII and X.
Also listed in Table V are the energy averaged
total cross s e c t i o n s , at mean energy E^.

These

averaged cross sections are plotted as solid and open
triangles in Figures VII and X.
sections,

The average cross

at 0 .8 , 1 .2 , 1 .6 , 2 .0 , 2 .2 , and j .6

MeV were determined by averaging the total cross section
over the energy spreadAE given in Table V.
C.

Determination of Optical Model Potential

The procedure described in the theory section was
used to determine the real potential, V^, at 0 .8 , 1 .2 ,
and 1.6 MeV.

The geometric parameters of the optical

potential employed were those of Lagrange (see Table III).
The energy dependence of V^ was determined by fitting the
values of V^ found at 0.8, 1.2, and 1.6 MeV and the values
of Lagrange at 8.0 and 10.0 MeV with a smooth curve;
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Figure IX.
2 „
Resonance fits of the neutron total cross section of
Pb
near 3-6 MeV. The error bars represent statistical uncer
tainties and are typical. See the text for details.
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Table IV
Background Potential Cross Sections
From Resonance Fitting

Neutron
Energy
(MeV)

One-level*
fit <7^

Two-level*
fit CF^

Three-level+
fit 0^

(barns)

(barns)

(barns)

0.769
0.819

4.20(3.9)
4.31(1.6)

4.23(2.1)

1.176
1.192
1.204

3.46(4.1)
3.73(2.3)
3.21(1.3)

3.25(1.4)
2.84(2.5)

1 .96(1 .6 )

1=598
1 .621
1 .632

3-39(4.8)
3-84(2.5 )
3-51(0.1)

2 .96(2 .0)
3.47(1.2)

2 .77(2 .2)

3.525
3-561
3.702

7.33(2.2)
7.39(2.7)
7.35(0.6)

7.46(5.1)
7.33(1.4-)

7.15(1.6)

+Values in parenthesis () represent the reduced chi-squared.
*Data used in level fitting by Fowler and Campbell (Fo 62).
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Table V
Parameters Used to Determine Optical Model Potential

(MeV)

(b)

« £ > AE
(b) (keV)

0 .8+

4.26

4.60(50)

46.00

1.00

1 .2+

3-47

4.33(50)

46.28

1.84

1 .6+

3-58

4.89(50)

46.50

2.10

45.00++

5-10

en

2.0

5.65(400)

2.4

6.93(400)

3.6

7.63(300)

VR
(MeV)

WSF
(MeV)

+ Data from reference (Fo 62).
Extrapolated from low energy values for VR and Lagrange's
high (3>6 MeV) energy values for VR.
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Figure X.
Optical model fit to the neutron total cross section of
208pp from 0.8 to 13*9 MeV. Below 6 MeV, computed cross
sections were calculated using optical model parameters
determined from values of the potential scattering
cross section and average cross sections. Below 1.8
MeV the data of Fowler and Campbell (Fo 62) were employed.
Above 6 MeV the optical model parameters utilized were
similar to those of Lagrange (La 78).
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Vr (E) is listed in Table III.

The value of VR at 3.6 MeV

in Table V was determined from this smooth curve.

The

parameter WgF was determined at each of the energies
0.8, 1.2, 1.6, and 3*6 MeV by using the values for VR in
Table V and by varying the imaginary surface potential
until the computed cross section equaled the average cross
section.

In this energy region, WSR was found to have a

linear dependence on energy as seen in Table III.

The

real diffuseness, a, was increased slightly to better fit
the data at neutron energies greater than 6 MeV.

Figure

X shows the cross section generated using the optical
model parameters (listed in Table V) determined in the
present work.
D.

Systematic Uncertainties

Table VI summarizes the sources of systematic errors
and their magnitudes in parts per thousand for the
neutron total cross section measurements.

Pb

The systematic

uncertainties are listed for the cross sections at 3.6
MeV, where the cross section is largest, and at 1.8 and
13*9 MeV, the lowest and highest energies. The error in
2
the number of scatterers per cm in the table is due
to the uncertainty in the mass of the sample, in the
cross sectional area of the sample, and in the mass of
impurities in the sample.

The effect of the chemical

impurities on the total cross section, given in the
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Table VI
Summary of Sources of Systematic Error
In the 208pb Total Cross Section+

Source of Error

Error (Parts per thousand)
Neutron Energy (MeV)
1.8

3.6

13.9

2.8

2.8

2.8

Effect on cross section
of chemical impurities

9.0

6.0

6.0

Room scattered background

0.7

1.1

0.7

Target out background

0.1

0.1

1.3

Inscattering correction

3.6

4.8

3.2

10.1

8.3

7.5

Scatterers per cm

Total Error

2

These estimates do not include the effect of the neutron
energy spread or of total cross section differences between
207p"b and 208pt,,
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second row, was determined using the 15 most abundant
impurities listed in Table I.

No estimates of uncer

tainty in the total cross section due to the presence of
206

Pb and

207

Pb were made since no data are available.

The error in the room-scattered and target-out
backgrounds, listed in the third and fourth row, respec
tively, were estimated by assuming a 20 percent uncertainty
in the number of background neutrons.

The error in the

inscattering correction, listed in the fifth row, was
determined by assuming only a 10 percent uncertainty in
the inscattering correction above 6 MeV since o-(e)

has

been well determined (Bu 75) in this energy region (see
Appendix II for details).

cr(e)

However, below 6 MeV, where

is not as well known, a 20 percent uncertainty

was assumed.

Count rate effects in the THPC and the

amplifier have been estimated to introduce an uncertainty
of about 0.3 percent or less.
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V.

DISCUSSION OF RESULTS

In the present experiment the total cross section
? Oft
of
Pb was measured from 1.8 to 13*9 MeV neutron
energy to a precision of about one percent.

The total

cross section data near 1.8 MeV were consistent with
previous work (Fo 62) provided that the different
energy spreads are taken into account.

Because of

the smaller energy spread in the present work, more
structure was observed

in the total cross section in

the neutron energy range from 1.8 to 4.6 MeV than in
the data of Foster and Glasgow (Fo 71)•

In the

neutron energy range from 1.8 to 3*4 MeV, the structure
observed in the present work is in agreement with the
structure observed by Fowler et al. (Fo6o ) .

At neutron

energies greater than 6 MeV, the present data agrees
very well with previous work done at this laboratory (Fe ?6) .
The derivation by Soga (see Appendix II) demonstrates
that at each energy the neutron total cross section
can be separated into a cross section associated with
the background potential plus the contributions of states
of the compound nucleus.

It is significant that one

can determine this background potential cross section
by fitting the compound nucleus resonances with a
fitting routine utilizing Eq. II-3 without a knowledge
of the spins and parities of the compound nucleus states.
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.2

The curves in Figure VIII and the

values

in Table IV show that the two resonances near 0.8 MeV
neutron energy can be fitted equally well with individual
one-level fits or a two-level fit.

Interference between

these two resonances is not occurring since the correspon
ding states of the compound nucleus have different spin
and parity values (Mu 73) •
The spins and parities of the states near 1.2
p
MeV neutron energy are not known.

However, the X

values given in Table IV do not change dramatically as
the number of levels fitted increases; therefore
interference between states is believed to be unimportant
here.

Each peak near 1.2 MeV was found (Fo 76) to

consist of several unresolved peaks ; however, it is
believed that this will not affect the results. Of the
three resonances near 1.6 MeV neutron energy, the
resonances at 1.62 and 1.63 MeV are believed to have
the same spin and parity (Mu 73); nevertheless the
interference between these two states was not significant
as evidenced by the X

values of the multilevel fits.

Figure IX shows the individual one-level fits and the
three-level fit for resonances near 3«6 MeV neutron
energy.

The spins and parities of these resonances are

not known; however similar X

values suggest that

significant interference is not occurring.

Since

the amplitudes of these resonances are not large, the
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differences between the values for 0 ^ from the one-,
two-, and three-level fits are small.

In Figure VII, it

is observed that all three sets of optical model parameters
are able to fit the total cross section data reasonably
well at energies greater than 6 MeV.

However, near 1.2

MeV neutron energy the fits to the average cross section
are poor.

The difference between the computed total

cross section from the parameters of Wilmore and Hodgson
(Wi 64) and the average total cross section at 1.2 MeV
(Table IV) is about 40 percent.

The best fit is that of

Lagrange (La 78)1 the difference being about 12 percent.
In Figure X it is observed that the computed
total

cross

sections of the present work agree well

with the average cross section values and with data
taken at neutron energies greater than 6 MeV.

Note

the agreement between the computed and the average values
for the total cross section at 2.0 and 2.4 MeV where no
optical model fits to the data were made.
To summarize, total cross section data using a
priO
highly enriched
Pb sample were taken at neutron
energies from 1.8 to 4.6 MeV. Excitation functions were
taken in steps of about 10 keV.

Individual compound

nucleus resonances were fitted using a multilevel ex
pression to determine the value of the total cross
section associated with the background potential.
background potential cross section was then used to
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determine the strength of the real part of the optical
model potential at 0 .8 , 1.2, and 1.6 MeV neutron energy.
Then, "by fixing V^ and the geometric parameters, the
imaginary component, Wgp, was determined from the average
total cross section at these energies.

This procedure

is valid for energies where isolated resonances are
present and only one channel is open.

Smooth, energy

dependent values for Vp and 1/ffgp were extrapolated between
the values of the present work and the values reported
hy Lagrange (La 78).

The optical model potential deter

mined describes very well the total cross section over
the entire energy range investigated, 0.8 to 14 MeV.
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Appendix I
Below is an evaluation of the differential cross
section, "by M. Soga (So 78), from which the background
potential cross section can he determined.
The differential cross section for neutrons incident on a spin zero nucleus, such as

20 8
Pb, is given

by Merzbacher (Me 6l):

The total scattering amplitude may be written as:

where £p(&) is the scattering amplitude associated with
the background potential.

The terms

and

Q U*r

are

phases associated with the background potential and the
r

resonance, respectively.

Each resonance is char

acterized by an energy Er » a width (7 , and a scattering
amplitude A r(#) .

Therefore:

+
x

r
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r

+
( E - E r) - ^ r / z

(E - E r) + ^ ^

-Afar-^r)
+

'A

Arl&Ax'm
( E - E t) t ^ %

(E-E r)~"

b u t ,

i ! W

M
!(E-er_)-i ^

Cos(p-oir) fj,s)n (p ~oi^

N r7 H W

5

zfpfe; A , ®
Cos(p-cXr) ( E - E r) +

§Sln(p-d^

dnd;

*.®Ar'W

(Er- E ^ ) + i p r ) | (£-'Er)-/LlM
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x

( £ - E r ) 2+ l^/z}
—

1r'*r

(£r-Er')t05(c<r-«^+ J ^ ' 5 , n (oir -olr|

[1 \
“ r

1 Q'h'db)J\r(0) C
\
.
f*+P/
0
i ^ ^ ^ 2|(Er_E^s^(c(r-o(r9 - - ^ C 0^ r- 0V)|

5 u losfiiahn^:

d<r
d l ( e) r ^ p lfl)2 + 2 ^

(£_Er)V

A , # V Zfpfe? M b ) i anlp-^r)

+
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+

V

/

Erfr

\,(&)coS(p-°v) +

Z

,f£-Fv92tfHdlij2 j & ' Z r ) ^03^r'^r')+-y-L ^ k - ^ (

Combining the real and imaginary components into the
single energy independent terms Rrt&) and I r(&),
respectively:

is:f r j

-

f

i J l {Ej ' tp

(a-)l +

j

i?r(9)
Z j

(e -& )M W

,

V
Z

m W fE -E r)
jT

^

W

)

Integrating:

The total cross section at a particular energy E,
is the sum of the background potential scattering cross
section,

, Breit-Wigner resonance terms, and the

interference terms at that energy.

Thus the energy depen

dent background potential cross section can be determined
without the knowledge of the spins and parities associated
with the resonances in the energy region of interest.
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Appendix II
In determining the neutron total cross section from
equation III-l, it is assumed that any incident neutron
that interacts with a sample nucleus will not he counted
hy the detector.

However, because of the finite size of

the sample and detector, neutrons scattered essentially
forward will be detected as if they had not experienced
any interaction.

The transmission, T, corrected for

inscattering can be written as:

where TQ is the transmission uncorrected for inscattering,
T^, and Tg are the transmissions of the neutrons singlyscattered and doubly-scattered in the sample, respectively.
The correction for single inscattering, T«, is found in the
literature (Mi 63).

An evaluation of the correction for

double inscattering, T^, is given below (Sh 78).
An expression for the ratio of the increase in
transmission due to double inscattering (T^) to that due
to single inscattering (T^) is given by:
T
_2

Ti

=

'TTnt

crn (o°j
o

where t and n are the length and the number of scattering
nuclei per cm^ of the sample, respectively, and

CT ( )

represents the differential cross section for the elastic

66
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scattering of neutrons at the laboratory angle ^ (Mi 63) .
The value

is the maximum angle of the forward lobe

of the angular distribution (Mi 63).

This assumes that

all the scattering nuclei lie on the axis of the neutron
beam and that essentially all the scattering is in the
forward direction.

Since the nuclei of interest are very

heavy it is assumed that the differential cross sections
in the laboratory and center-of-mass reference systems
are the same.
Let CT(/0 = <7^(0°) e"^(>/5)
whereM.= l-cos1^

and

£ = standard deviation.

Therefore the integral is:

Since, in general, the integrand rapidly goes to zero
with increasing
M

2/

-M.— *oo .

“ e - W s ) 2 dx - Qrn (0°)] 2 J F S _

0

The full width at half-maximum
the areal density.

^

Then:

p

Iyz = 1.18$ and nt = N,

Substituting:

= nc£(o°) 2.37

The differential cross section, CT(o°), has been
pAO
measured precisely for
Pb and is found in the litera
ture (Bu 75)-

The full-width at half maximum,

, was

determined by assuming a Gaussian shape to the forward
lobe in

•

It is of interest to note that the

product 0^(0°) r * (and thus ^2/T^) is usually a maximum
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where the total cross section, and not

0^(0°) alone,

is a maximum.
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